We compared serum polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) among residents of two homes to levels among age-and sex-matched comparison subjects. The residents of the two homes consumed contaminated eggs and beef from animals raised at the homes. The animals had greater soil contact than those raised with conventional commercial husbandry practices. The comparison subjects were from a similar rural area, but did not consume home-produced beefand eggs. Serum levels of2,3,7,8-substituted tetr-, penta-, and hexaCDDs and penta-, hexa-, and heptaCDFs were increased between 2-and 6-fold in residents from one home; contaminated eggs and beef were consumed by residents for 2-15 years. Elevations were less for those in the other index home, where only home-produced eggs were consumed for 2 years; a 3-fold elevation of 1,2,3,7,8,9-hexaCDD as compared to controls was most apparent. Very strong bivariate correlations among ali of the 2,3,7,8 penta-and hexaCDDs/CDFs were observed. The elevations observed verify that PCDD/PCDF-containated food contributed to the body burden ofthese compounds. The blood levels among the highest exposed participants are generally higher than those observed in other studies of U.S. contaminated-fish consumers and higher than average adipose tissue levels observed in U.S. urban populations. There are suffident animal toxicologic and human epidemiologic data to recommend that exposures be reduced. In the study area, pentachlorophenol and pentachlorophenol incineration sources have been identified, and the animal contamination and blood elevations probably reflect these sources. Soil reference values and site-specific risk assessments should indude estimates of exposures to contamination in home-produced animal products. Such estimates can be verified with limited PCDD/PCDF sampling of animals and humans. Key work beef, chicken eggs, dietary intake, food contamination, human blood levels, polychlorinated dibenzofiuras, polychlorinated dibenzop-dioxins.
dent animal toxicologic and human epidemiologic data to recommend that exposures be reduced. In the study area, pentachlorophenol and pentachlorophenol incineration sources have been identified, and the animal contamination and blood elevations probably reflect these sources. Soil reference values and site-specific risk assessments should indude estimates of exposures to contamination in home-produced animal products. Such estimates can be verified with limited PCDD/PCDF sampling of animals and humans. Key work beef, chicken eggs, dietary intake, food contamination, human blood levels, polychlorinated dibenzofiuras, polychlorinated dibenzop-dioxins. Environ Health Prect 108: 13-19 (2000) . [Online 24 November 1999] http://ehpnetl.niehs.nih.gov/docs/2000/108p13-l9gpldman/abstract/hml Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are lipophilic, persistent, and bioaccumulative chemicals (1) . Animal evidence of toxicity is unequivocal (2) . For effects clearly associated with human exposures, humans and animals are equally sensitive (1, 2) . The food chain contributes the majority of human exposures. Lifetime upper bound cancer risk estimates from the intake of background commercial U.S. high-fat foods and fish are significant, i.e., above 10-6 (3) . Europeans (4, 5) and North Americans (6,2~) consuming PCDD/PCDF-contaminated fish and seafood have elevated blood PCDD/PCDF levels, which reflect body fat and hence body burden (2) . Such studies verify that food products contribute to body burden.
We analyzed serum from residents of two index households. The residents consumed home-produced PCDD/PCDF-contaminated chicken eggs and beef. The samples were collected and analyzed in 1988. At that time, the U.S. Centers for Disease Control and Prevention (CDC; Atlanta, GA) used a method for measuring 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in serum (8) and had completed a correlation study (9) which showed that TCDD is evenly partitioned between serum and adipose tissue when both matrices are adjusted for lipid content. CDC investigators also validated the method for PCDD/PCDF analysis in serum (10) and completed several serum matrix validation studies (11) (12) (13) (14) (15) (16) . Preliminary results indicated elevations of PCDDs among the index home residents as compared to rural comparison subjects (171.
We report 2,3,7,8-substituted PCDD and PCDF levels and results of multivariate modeling of the PCDD/PCDF levels to account for age and sex differences. We also compare intake and serum levels to recent U.S. population estimates and discuss the health significance of the observed levels, comment on whether patterns of PCDD/PCDF in serum are consistent with pentachlorophenol (PCP) , and present recommendations to reduce exposures.
Site History
In April 1987, a fire at a wood preservative treatment plant in the area south of Oroville, California, led to a California Department of Health Services (CDHS) investigation of public health impacts of the fire (18) . An estimated 6,000 lb (2,720 kg) PCP burned. PCDDs and PCDFs are contaminants of PCP (19, 20) and may also be formed when PCP is burned (18) . PCDD/PCDF contamination was detected in products from animals that grazed in the area near the fire (17, 21) .
Initially, California toxic equivalency concentrations (CTEQs) were calculated. CTEQs are a weighted summarization of the 2,3,7,8-substituted PCDD/PCDF concentrations using weights based on the cancer potency of each PCDD/PCDF relative to that of 2,3,7,8-TCDD (22) . A similar summarization, international toxicity equivalent (ITEQ) concentrations (23) , are now universally used. In this summarization, toxicologic weights based many health end points are used. However, the ITEQ concentrations are generally approximately 30-50% lower than the CTEQ concentrations. ITEQ concentrations found in the chicken products from the two homes initially tested (the index homes) are 5.6-18.3 pg ITEQ/g egg (Table 1) and 177-228 pg ITEQ/g chicken fat. At the second home, cows were also raised; the beef fat contained 27.2 pg ITEQ/g. Similar samples from commercial stores in the area contained 10-to 100-fold lower levels (24) that were equivalent to levels reported in commercial U.S. food by others (3, 25) .
At the index homes, the chickens were allowed to forage but were also fed table scraps and commercial grain. The cattle were allowed to graze year-round on 2 acres. Animal products on the U.S. commercial market generally come from animals raised in ways that limit soil contact and provide a different diet. Conventionally, chickens are raised in cement shelters with no access to soil and are fed commercial feed. In the beef industry, cattle are generally rotated to different grazing areas and are given harvested feed in feedlots. At the index homes, PCDD/ PCDF levels in grain, vegetation, bedding, and water were close to or less than detection limits, which were significantly less than levels in soil (21) . Soil from where the chickens grazed contained 34-40 pg ITEQ/g and the PCDD/PCDF contamination profile (of higher chlorinated dioxins dominating over all other PCDDs and PCDFs) matched that in eggs (Figure 1 ). This pattern is generally seen in PCP (19, 26) and PCP incineration (18, 27) . The pattern in beef fat was generally the same, with somewhat lower levels of the higher chlorinated dioxins. However, in beef liver, preferential accumulation of the higher chlorinated dioxins occurred (21) , which was also seen in another study (28) . Because of extensive foraging activity, soil was the primary suspected exposure medium to the chickens and cattle. Laboratory and backyard feeding studies substantiate that chickens accumulate PCDDs/PCDFs from contaminated soil (29, 30) . Further soil and egg testing in Oroville and elsewhere is in progress (31) .
In backyards in the greater Oroville area, chicken husbandry was more prevalent than cattle husbandry. Eggs were also collected from chickens raised with access to soil at 23 additional homes in the greater Oroville area (21) . We (35) . Other potential industrial sources were located near the wood treatment facility; most notably, four teepee burners were within 2 km. Teepee burners were used as incinerators prior to 1980 to burn waste wood, induding the remains in PCP wood-treatment cylinders (36) . Burning PCP-treated wood in homes is also a possible source of contamination, but larger burners are present at industrial facilities and residential emissions are unlikely to be as great as emissions from industrial sources.
Methods
All nine individuals over 12 years of age with known consumption of dioxin-contaminated eggs from the two index households were invited to participate in blood sampling; all elected to do so (17 (37) and modified by the CDC laboratory; and calculation of total lipid content by a summation procedure (8, 11) . Each sample was spiked with the same mixture of 13C-labeled standards and the samples were worked up in runs of five samples (one blank, three unknowns, and one quality control). The samples were analyzed by high-resolution gas chromatography (SP2331; Hewlett-Packard, Palo Alto, CA) and high-resolution mass spectrometry on the same instrument (VG 70S; Fisons Instruments, Manchester, England) by the same operator. 2,3,7,8-Substituted isomers were calculated using standard curves developed for each congener by the isotope-dilution mass spectrometry technique.
For PCDDs/PCDFs with sufficient samples above detection limits, descriptive statistics and analysis of variance (ANOVA) were calculated. Blood levels were summarized using the ITEQ method (23) . Although these calculations do not provide a risk characterization, ITEQ values ease comparison to levels found in other serum studies. Congener and ITEQ values were apparently log-normally distributed and were log-transformed prior to statistical analysis. However, arithmetic means were also calculated and were used when comparing results to other studies. ANOVA and t-tests were used to examine the separate effects of membership in the three exposure groups (comparison subjects and the two index homes). Multiple linear regression was used to test for an association with exposure group, controlling for age and sex. Bivariate linear correlations were computed to examine the relationship between individual isomer levels. All statistical analysis was conducted with SAS software (38) .
Results
We reviewed questionnaires to rank subjects by potential exposure to dioxin-contaminated animal products. Index home residents reported consuming home-produced chicken eggs and beef. Participants from one index home lived at the home for 2 years. The adults ate 
Discussion
These analyses confirm preliminary findings (17) of a dose-response relationship between the consumption of contaminated home-produced eggs and meat and serum dioxin and furan levels. Specifically, people that ate both home-produced eggs and meat for 2-15 years had statistically significant 2-to 6-fold (6, 7) (Figure 2 ). These data document that contaminated animal product intake may significantly elevate human serum PCDD/PCDF levels.
In our study, age and sex trends are apparent for most congeners and ITEQ concentrations, although only some of the age-associated trends are statistically significant. In one study of U.S. urban populations, associations between age and PCDD/PCDF adipose tissue levels were demonstrated but sex differences were not (39) . Recent studies from Seveso, Italy, demonstrated the reverse male/female relationship, with females having markedly higher levels of TCDD than males after 20 years of exposure (40) . Fish and seafood consumption studies of PCDDs/PCDFs have generally not been designed to examine sex differences (4-0. Two fish consumption studies demonstrated age relationships; one study showed that males have higher levels of furans than females do (4, 16) . Nevertheless, these effects may be due to older participants having more years of fish consumption and males eating more fish than females (16) . Our study was too small to study the independent effects of years of consumption or consumption differences between men and women. Similarly, other confounders, such as breast-feeding, which may decrease body burden among women, could not be studied. 3,7,8-1,2,3,7,8-1,2,3,4,7,8-1,2,3,6,7,8-1,2,3,7,8,9-1,2,3,4 (2, 39) , adipose tissue concentrations in 48 composites of U.S. regional, age, and sex groups (excluding occupationally exposed) (39) represent a group similar to ours, including younger participants and women and collected during a similar time, 1986-1987. Congener levels among our high exposure participants, those eating both home-produced eggs and beef, are generally higher than the observed levels among this urban population (Figure 2 ). Among our high consumers the average ITEQ concentration was 64 pg/g, whereas among the urban population the average was 26 pg/g. Our exposed participants, for a two home-produced egg/day diet, would have consumed an estimated 1,200 pg ITEQ/day and, for an average size serving of home-produced beef (150 g), 313 pg ITEQ/day. The estimate of average U.S. intake of PCDDs/PCDFs for commercial dairy, beef, and fish combined is 0.3-192 pg ITEQ/day (3) . Although the estimated average intake for the U.S. population is limited (e.g., small number of samples and eggs were not included), intake among our exposed participants is probably greater than that for average North American consumers and elevations among our participants as compared to average North Americans are not unexpected.
Among our rural comparison group, congener and ITEQ levels were generally lower than the levels in urban U.S. populations (Figure 2) . Whether lower levels among rural participants are due to lower levels in rural commercial food products as compared to urban commercial food products or whether these differences suggest that urban residents have greater exposures via other pathways (e.g., air) was not determined.
PCDD/PCDF levels among our exposed participants are well below levels found in highly exposed populations such as chemical workers and levels resulting from poisoning episodes (41) . Acute disease is not expected. Observation of human health risks at the serum levels described here are estimated from animal studies but have not, for the most part, been described (2) . One study suggested neuropsychologic differences between groups whose serum levels were comparable to those reported here (42) . Two European occupational studies suggested elevated overall cancer rates among those exposed to generally much higher levels of dioxin-like compounds (43, 44) . However, in one of these studies, the difference observed between background and the lowest exposed group (40 pg ITEQ/g), among whom there were significantly elevated cancer rates (43) , is approximately equal to the difference (48 pg ITEQ/g ) between the means of our high exposed and comparison groups. Although there were limitations to that study, the combination of laboratory toxicologic data and suggestive human data is sufficient to direct public policy. Exposures such as those identified here should be reduced. If strides in public health protection or exposure reduction are to be made, the sources of contamination contributing to body burdens require identification. It would be extremely useful to identify sources from blood levels in a population. Blood levels may reflect local industrial sources, as illustrated in Norwegian crab consumers (5) . In Oroville, identified industrial sources are primarily PCP or PCP incineration.
The PCDD/PCDF concentration pattern typical of PCP is illustrated by a study of 20 German PCP workers which documents that the higher chlorinated dioxins dominate: mean blood levels of 2,514 and 184,224 pg/g fat for 1,2,3,4,6,7,8-heptaCDD and octaCDD, respectively, and levels between 1 and 240 pg/g fat for all other PCDDs/PCDFs (45) . Although heptaCDD and octaCDD levels were the highest of any of the congeners, the mean levels among exposed and comparison subjects are not significantly different. There are several possible explanations. First, there may be unidentified non-PCP sources of dioxins in the study area that contribute to the lower chlorinated dioxin and furan burden. Second, blood from the gastrointestinal tract passes to the liver before systemic absorption. Workers are primarily exposed dermally and through inhalation, and compounds are directly absorbed into the general circulation. Chickens (29) , cattle (28) , and horses (20) have shown preferential depositing of the higher chlorinated dioxins in the liver as compared to adipose tissue following ingestion. In the blood of Norwegian crab eaters, octaCDD was clearly less dominant than the other congeners as compared to the crabs (5) . A third explanation is that other differences between PCDDs/PCDFs in bioavailability and retention alters the profile of contaminants. Soil and egg PCDD/PCDF levels at the index homes ( Figure 1 ) and in a chicken-feeding study (29) (53) . Estimates of soil concentrations at the index homes suggest that low parts-per-trillion levels are of concern for dietary exposure pathways. These estimates have been confirmed by laboratory studies using soil with a high organic content that are therefore representative of soil with the probable lowest bioavailability (30) and analysis of further egg and soil samples from Oroville and elsewhere (31) . To protect against animal product contamination and subsequent indirect dioxin exposure, it may be necessary to substantially reduce this soil deanup level.
Environmental and biologic half-lives, each of which may be measured in decades (33, 35) , strongly indicate that indirect dioxin exposure is a long-term problem. Future research should be directed at environmental fate and biologic uptake and elimination. Source identification and emissions testing not only aid in source attribution but also allow recommendations for source reduction. Certainly enough is now known, however, that site-specific risk assessments include these exposure routes. Notably, poultry products have not been included in facility specific risk assessments (54) .
